Maximum cold rolling reduction rates of as-cast Nb 40 Ti 30Àx Zr x Ni 30 alloys were measured to evaluate ductility by measuring the change in the thickness. 50% or higher reduction rates were obtained for the alloys containing the Zr content of 12 mol% or less, but lower values were obtained for the alloys substituted with more Zr. Changes of hydrogen permeability (È) and microstructures of the Nb 40 Ti 18 Zr 12 Ni 30 alloy caused by cold-rolling and subsequent vacuum annealing were investigated. È of this alloy was reduced to the half of the as-cast one by the 50% reduction rate, but recovered to 3:23 Â 10 À8 [molH 2 m À1 s À1 Pa À0:5 ], which is 1.13 times higher than that of as-cast one, by a subsequent annealing for 360 ks at 1273 K. Although the eutectic phase disappeared and was replaced by a small spherical (Nb, Ti, Zr) phase embedded in the (Ti, Zr)Ni matrix after rolling and subsequent annealing, these alloys showed good resistance to the hydrogen embrittlement at 523 K or more.
Introduction
Low cost and high purity hydrogen gas is required for fuel cells in the near future. At present, Pd or Pd-Ag alloys are utilized to produce high purity hydrogen, but Pd is a very expensive and scarce element. 1, 2) Therefore, it is urgent to develop new, low cost and high performance non-Pd-based hydrogen permeation alloys. During the past decade, V-based hydrogen permeation alloys have been actively investigated by Nishimura et al. 3, 4) Yamaura et al. have investigated the melt-spun amorphous Ni-Nb-Zr alloys as new membranes. [5] [6] [7] However, hydrogen permeability (È) for these alloys is lower than that of the corresponding crystalline alloys. 8) Here, we discuss the relation among È, the hydrogen embrittlement and the workability of hydrogen permeation alloys to develop the high performance membranes. Hydrogen flux J through the hydrogen permeation alloy membrane per the unit cross sectional area is expressed by the following equation according to the Fick's first law of the steady state diffusion and the Sieverts' law.
Here, D and K are the hydrogen diffusion coefficient and the hydrogen solubility coefficient, respectively. The product of them is hydrogen permeability (È). ÁP 1=2 and L are the difference of square root of the hydrogen pressure at both sides of the membrane and its thickness, respectively. It can be seen from the eq. (1) 
Experimental
About 20 g ingots of Nb 40 (Ti 30Àx Zr x )Ni 30 (mol%) alloys were prepared by arc melting in a purified argon atmosphere using Nb (99.9 mass%), Ti (99.5 mass%), Zr (99.7 mass%) and Ni (99.9 mass%) as raw materials. Samples of 7 Â 3 Â 3 mm in dimension were cut from these alloy ingots by a spark erosion wire-cutting machine for the cold rolling experiment. Samples of 15 Â 15 Â 1:5 mm cut from the Nb 40 Ti 18 Zr 12 Ni 30 alloy ingot were rolled to the 50% thickness reduction and subsequently were annealed in a vacuum at the temperature range from 673 to 1273 K at intervals of 50 K for 3.6 ks. The hardness value of these alloys was measured by the Micro-Vickers hardness testing machine. The as-cast and the 50% cold-rolled disk samples of 12 mm in diameter and 0.75 mm in thickness were obtained by the wire-cutting machine and subsequently annealed in vacuum at 1273 K for distinct periods, respectively. Microstructural and structural examinations were carried out with a scanning electron microscope (SEM, JSM 5300) and an X-ray diffractometer (XRD, PANalytical X'Pert PRO), respectively. After both sides of these disks were polished using buff with 0.5 mm Al 2 O 3 particles, Pd was coated with 190 nm thicknesses using a DC sputtering machine to avoid oxidation and to enhance the dissociation of hydrogen molecule on the disks. After the alloy disk was sealed by gaskets, both sides of the sample were evacuated using a diffusion pump below 3 Â 10 À3 Pa, then heated to 673 K and kept for 1.8 ks. Pure hydrogen gas (99.99999%) of 0.2-0.55 MPa and 0.1 MPa was introduced in the upstream side and in the downstream side, respectively. Hydrogen flux J through the disk was measured by a hydrogen flow meter (KOFLOC Model-3300). È was determined from the slope of the relation between J Â L vs. ÁP 1=2 plot.
Results and Discussion

3.1
The maximum cold-rolling reduction rate, crystal structures, microstructures and hydrogen permeability È for the as cast Nb 40 (Ti 30Àx Zr x )Ni 30 alloys Figure 1 shows a maximum cold-rolling reduction rate of the as-cast Nb 40 (Ti 30Àx Zr x )Ni 30 alloys as a function of the Zr substitution. The rolling reduction rate (r t ) is defined as a following equation:
where t 0 and t are the original and the final thickness of the sample, respectively. XRD patterns of the as-cast Nb 40 (Ti 30Àx Zr x )Ni 30 alloys are shown in Fig. 2 . It can be seen that 50% or higher reduction rate r t could be obtained if the Zr content is 12% or less. These ductile alloys consist of bcc-(Nb, Ti, Zr) solid solution and the B2-(Ti, Zr)Ni phase. On the other hand, if the content of Zr is over 12%, r t is rapidly reduced. This is due to the formation of the brittle orthorhombic-(Ti, Zr)Ni phase. Therefore, the Zr substitution is limited up to 12 mol% Zr for good ductility in the as-cast state. Figure 4 shows the values of hydrogen permeability at 623 and 673 K, i.e., È 623K and È 673K for the as-cast Nb 40 (Ti 30Àx Zr x )Ni 30 alloys as a function of the Zr content. Both È 623K and È 673K increase with increasing the Zr content above 5% Zr or more. phase surrounded by the eutectic [B2-TiNi + bcc-(Nb, Ti)) phase. The volume fraction of the primary phase for this alloy is 38%. The other alloys are made up of the primary bcc-(Nb, Ti, Zr) phase and the eutectic {B2-(Ti, Zr)Ni + bcc-(Nb, Ti, Zr)} ones. The volume fractions of the primary phase for the above mentioned three alloys are 39%, 43% and 45%, respectively, i.e., the volume fraction of the primary phase for the Nb 40 (Ti 30Àx Zr x )Ni 30 alloys increases with increasing the content of Zr, which indicates that the primary phase mainly contributes to hydrogen permeation for these alloys.
The effect of cold rolling and/or annealing on
hydrogen permeability È Figure 6 shows the values of È for the as-cast and the 50% cold-rolled Nb 40 Ti 18 Zr 12 Ni 30 alloy in the Arrhenius plot. È of the cold-rolled sample is half or less than that of the as-cast one, which may be caused from dislocations introduced during cold rolling. These lattice defects interrupt hydrogen diffusion as hydrogen trap sites. 12) Figure 7 shows ]when the as-cast alloy is annealed at 1273 K for 605 ks, which is 2.7 and 1.4 times higher than that of Pd and the as-cast one, respectively. These experimental results suggest that vacuum annealing is useful to increase È. 3.3 The effect of annealing treatment on the change in hydrogen permeability È and microstructures of the 50% cold-rolled Nb 40 Ti 18 Zr 12 Ni 30 In order to optimize the annealing temperature, the 50% cold-rolled Nb 40 Ti 18 Zr 12 Ni 30 alloy is annealed at various temperatures for 3.6 ks and the hardness numbers of them are measured. Figure 8 shows the relationship between Microvickers hardness number and annealing temperature of these alloys. The hardness number increases from 287 of the as-cast state samples to 530 by the 50% cold rolling and decreases with increasing the annealing temperature, and recovers to 207 by annealing at 1200 K or more. This result suggests that the dislocations or other defects introduced by cold rolling disappear at this temperature. The 50% cold-rolled samples annealed at 1273 K are used for the hydrogen permeation measurement and the microstructural observation. Figure 9 shows SEM photographs of the 50% cold-rolled Nb 40 Ti 18 Zr 12 Ni 30 alloy annealed in vacuum at 1273 K for (a) 0, (b) 43, (c) 86, (d) 180, (e) 360 and (f) 605 ks. The eutectic microstructure disappears and is replaced by a small spherical (Nb, Ti, Zr) phase embedded in the (Ti, Zr)Ni matrix with increasing the annealing time. Furthermore, the small spheres gradually grow up. The primary phase is deformed and can not be recovered by annealing at this temperature even for 605 ks. These alloys still show relatively large resistance to the hydrogen embrittlement at 523 K or higher temperatures.
The values of È 573K , È 623K and È 673K for the 50% coldrolled Nb 40 Ti 18 Zr 12 Ni 30 alloy after vacuum annealing at 1273 K are shown in Fig. 10 . It should be noted that È of the cold-rolled sample could be recovered by annealing at 1273 K for 360 ks and its È 673K is 3:23 Â 10
, which is 1.13 times higher than that of the as-cast one. The high È value of this alloy also results from the higher volume of (Nb, Ti, Zr) phase having the higher È value. As for as the microstructure, the small spheres prevent the hydrogen from diffusion. From the above results, it can be concluded that the Nb 40 Ti 18 Zr 12 Ni 30 alloy shows high È value, relatively high resistance to the hydrogen embrittlement and high ductility, which is a new promising non-Pd hydrogen permeation membrane.
Conclusion
The effect of Zr substitution on crystal structures, microstructures, ductility and hydrogen permeability (È) for the Nb 40 (Ti 1Àx Zr x ) 30 Ni 30 alloys has been studied by SEM, XRD, cold-rolling and the gas permeation technique. The as-cast Nb 40 (Ti 1Àx Zr x ) 30 Ni 30 alloys consist of the primary bcc-(Nb, Ti, Zr) and the eutectic {B2-(Ti, Zr)Ni + (Nb, Ti, Zr)} phases. The 50% or higher rolling reduction rate can be obtained if the Zr content is lower than 12%, but it decreases rapidly with more Zr addition. K. This alloy also shows good resistance to the hydrogen embrittlement at 523 K or higher temperatures. The eutectic phase disappears and is replaced by a small spherical (Nb, Ti, Zr) phase embedded in the (Ti, Zr)Ni matrix after cold rolling and subsequent annealing. It can be concluded that the Nb 40 Ti 18 Zr 12 Ni 30 alloy is a new promising non-Pd hydrogen permeation membrane with high hydrogen permeability, resistance to the hydrogen embrittlement and ductility. 
